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Spin dynamics of an individual Cr atom in a semiconductor quantum dot under
optical excitation
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We studied the spin dynamics of a Cr atom incorporated in a II-VI semiconductor quantum
dot using photon correlation techniques. We used recently developed singly Cr-doped CdTe/ZnTe
quantum dots (A. Lafuente-Sampietro et al., [1]) to access the spin of an individual magnetic atom.
Auto-correlation of the photons emitted by the quantum dot under continuous wave optical excita-
tion reveals fluctuations of the localized spin with a timescale in the 10 ns range. Cross-correlation
gives quantitative transfer time between Cr spin states. A calculation of the time dependence of
the spin levels population in Cr-doped quantum dots shows that the observed spin dynamics is
controlled by the exciton-Cr interaction. These measurements also provide a lower bound in the 20
ns range for the intrinsic Cr spin relaxation time.
Diluted magnetic semiconductor systems combining
high-quality nano-structures and the magnetic proper-
ties of transition metal elements are good candidates for
the development of single spin nano-electronic devices
[2]. Thanks to their expected long coherence time, lo-
calized spin of individual magnetic atoms in a semicon-
ductor host are an interesting media for storing quantum
information in the solid state. Optical probing and con-
trol of the spin of individual or pairs of magnetic atoms
have been obtained in both II-VI [3–7] and III-V [8, 9]
semiconductors. The variety of magnetic transition ele-
ments that could be incorporated in semiconductors gives
a large choice of electronic and nuclear spins as well as
orbital momentum [10, 11]. In this context, growth and
optical addressing of II-VI semiconductor quantum dots
(QDs) containing an individual Cr atom were achieved
recently [1].
Cr is incorporated in II-VI compounds as Cr2+ ions
carrying a localized electronic spin S = 2 and an orbital
momentum L = 2 [12]. In addition, most of the Cr iso-
topes have no nuclear spin. In the presence of a large
bi-axial strain, the ground state of the Cr is an orbital
singlet with spin degeneracy 2S+1=5. The nonzero or-
bital momentum of Cr and spin-orbit coupling result in
a large sensitivity of its spin to local strain. This large
spin to strain coupling, at least two orders of magnitude
larger than for magnetic elements without orbital mo-
mentum (NV centers in diamond [13, 14], Mn atoms in
II-VI semiconductors [15]) makes Cr a very promising
spin qubit for the realization of hybrid spin-mechanical
systems in which the motion of a microscopic mechan-
ical oscillator would be coherently coupled to the spin
state of a single atom [16]. Large spin to strain coupling
also enhances the spin-phonon interaction ultimately re-
sponsible for the spin relaxation and decoherence of an
isolated magnetic atom in a semiconductor matrix. A
too large interaction with phonons could limit the prac-
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tical use of Cr as a qubit and an investigation of the spin
dynamics in Cr-doped QDs is required.
We show here how we can use the statistics of the pho-
tons emitted by a Cr-doped QD to probe the dynamics
of the magnetic atom under continuous wave (CW) op-
tical excitation. We performed auto-correlation of the
photoluminescence (PL) intensity emitted by individual
lines of an isolated Cr-doped QD using a Hanbury Brown
and Twiss (HBT) setup. In these start-stop experiments,
the detection of the first photon indicates by its energy
and polarization that the Cr spin has a given orienta-
tion. The probability of detection of a second photon
with the same energy and polarization is proportional to
the probability of conserving this spin state. The time
evolution of this intensity correlation signal is a probe
of the spin dynamics in the Cr-doped QD. The auto-
correlation signal presents a large bunching revealing a
PL intermittency which results from fluctuations of the
Cr spin with a timescale in the 10 ns range. Correla-
tion of the intensity emitted by two different lines of the
exciton-Cr (X-Cr) complex (namely, cross-correlation),
presents an anti-bunching at short delays. A calculation
of the time dependence of the spin levels population in
Cr-doped QDs shows that the observed spin dynamics
in auto-correlation and cross-correlation measurements
is governed by the exciton/Cr interaction. These mea-
surements also provide a lower bound in the 20 ns range
for the intrinsic Cr spin relaxation time.
To optically probe an individual magnetic atom, Cr are
randomly introduced in CdTe/ZnTe self-assembled QDs.
QDs are grown by molecular beam epitaxy on ZnTe (001)
substrates following the procedure described in Ref. [17].
The amount of Cr is adjusted to allow for the detection
of QDs containing 1 or a few Cr atoms. The emission of
individual QDs is studied by optical micro-spectroscopy.
Permanent magnets can be used to apply a weak mag-
netic field in both Faraday or Voight geometry. The PL
is quasi-resonantly excited with a tunable CW dye laser
or by picosecond pulses from a doubled optical paramet-
ric oscillator. High refractive index hemispherical solid
2immersion lens is used to enhance the collection of the
single-dot emission. The statistics of the photons emit-
ted by Cr-doped QDs is analyzed using a HBT setup for
photon-correlation measurements with a time resolution
of about 700 ps [18]. The circularly polarized collected
light is spectrally dispersed by a 1 m double monochro-
mator before being detected in the HBT setup or by a fast
avalanche photodiode (time resolution of 50 ps) for time-
resolved measurements. Under our experimental condi-
tions with count rates of a few kHz, the measured photons
pair distribution in the HBT setup yields, after normal-
ization, the second order correlation function of the PL
intensity g(2)(τ).
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FIG. 1. (a) Low temperature (T=5K) linearly polarized PL
recorded along two orthogonal directions of the exciton in Cr-
doped QD (X-Cr). (b) Time resolved PL of the X-Cr lines
(1), (3) and (4). (c) Scheme of the energy levels in a Cr-doped
QD showing the magnetic ground states Sz=0 and Sz=±1 of
the Cr and the corresponding bright exciton states (| ± 1〉)
coupled to the spin of the Cr (X-Cr). The higher energy Cr
states Sz=±2, unpopulated at T=5K, are not displayed.
The PL of X-Cr in a Cr-doped QD is reported in
Fig. 1(a). Because of the large magnetic anisotropy of
the Cr spin, D0S
2
z , induced by the local bi-axial strain in
self-assembled QDs, the Cr spin thermalizes to its mag-
netic ground states Sz=0 and Sz=±1. The exchange
interaction with the spin of the confined bright exciton
| ± 1〉 splits the Cr spin states Sz=±1 and three main
lines (labeled (1), (2) and (3)) are observed in the PL
spectra [1]. Most of the dots also present a low symme-
try (lower than C2v) and the central line associated with
Sz=0 (line (2)), is split and linearly polarized along two
orthogonal directions, by (i) the long-range e-h exchange
interaction in a QD with an in-plane shape anisotropy
and/or (ii) the short range e-h exchange interaction in
the presence of valence band mixing. An additional line
(labeled (4)) also appears on the low-energy side of the
PL spectra. As presented in Fig. 1(b), this line presents
a longer lifetime. It arises from a dark exciton (| ± 2〉)
which acquires some oscillator strength by a mixing with
a bright exciton interacting with the same Cr spin state
[1]. This dark/bright exciton mixing is induced by the
e-h exchange interaction in a confining potential of low
symmetry [19].
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FIG. 2. (a) Auto-correlation of the PL intensity collected in
circular polarization on the X-Cr lines (1), (3) and (4) (see
Fig. 1) and compared with the auto-correlation of the exciton
in a non-magnetic QD (black line). The curves are shifted
for clarity. For line (1), the auto-correlation is also recorded
under a transverse magnetic field (blue line). (b) Correspond-
ing calculated auto-correlation for three X-Cr states |Sz, X〉
with τg=4ns, τCr=50ns, Teff=30K, τb=0.25ns, τd=5ns and
the Cr-doped QD parameters of Ref.[1].
To observe the time fluctuations of the Cr spin under
CW optical excitation, we used the statistics of time ar-
rivals of the photons emitted by a Cr-doped QD given
by the second order correlation function g(2)(τ) of the
PL intensity. Fig. 2(a) shows g(2)(τ) for the lines (1),
(3) and (4) recorded in circular polarization. These sig-
nals are compared with the auto-correlation obtained for
the PL of a non-magnetic QD which is characteristic of
a single-photon emitter with a deep (anti-bunching) at
short delays. The width of this anti-bunching is given
by the lifetime of the emitter and the generation rate of
excitons and its depth is limited by the time resolution
of the HBT setup. A similar experiment performed on
X-Cr still presents a reduced coincidence rate near zero
delay, but it is mainly characterized by a large photon
bunching with a full width at half maximum (FWHM)
in the 20 ns range. The amplitude of the bunching can
reach 6 for line (1) and is slightly weaker for the lower
energy lines. This bunching reflects an intermittency in
3the emission of a given line of the QD coming from fluc-
tuations of the Cr spin in a 10 ns timescale. The photon
bunching is not affected by a weak transverse magnetic
field (Bx = 0.42T in Fig. 1(a)). This confirms the pres-
ence of a large strain induced magnetic anisotropy D0S
2
z
which splits the Cr and X-Cr spin states and blocks their
precession in an external magnetic field.
To identify the main contribution to the observed spin
fluctuations, we modelled the auto-correlation of the PL
of X-Cr using the full spin level structure of a Cr-doped
QD. We calculated the time evolution of the population
of the twenty X-Cr states in the excited state of the QD
and five Cr states in the ground state by solving nu-
merically the master equation for the corresponding 25 x
25 density matrix ρ. The time evolution of the density
matrix including relaxation and dephasing processes in
the Lindblad form is given by ∂ρ/∂t = −i/h¯[H, ρ] + Lρ
where H is the Hamiltonian of the complete system (X-
Cr and Cr) and Lρ describes the coupling or decay chan-
nels resulting from an interaction with the environment
[20, 21]. The energy levels of the Cr are controlled by
the magnetic anisotropy D0S
2
z . The X-Cr Hamiltonian,
described in details in Ref.[1], contains the energy of the
Cr spin states, the carriers-Cr exchange interactions, the
electron-hole exchange interaction in a confining poten-
tial of low symmetry and the structure of the valence
band including heavy-hole/light-hole mixing. D0 in the
Cr Hamiltonian and the parameters in the X-Cr Hamil-
tonian cannot be precisely extracted from the zero mag-
netic field PL (Fig. 1(a)). For a qualitative description of
the observed spin dynamics, we use in the model typical
Cr-doped QD parameters extracted from magneto-optics
measurements presented in Ref. [1]. These parameters
give a X-Cr splitting and a dark/bright excitons mixing
similar to the one observed in the QD discussed in this
article.
We took into account a spin relaxation of the Cr (alone
or in the exchange field of the exciton), τCr, describing
relaxation channels involving a change of the Cr spin by
one unit. The transition rates Γγ→γ′ between the dif-
ferent states of the Cr or X-Cr depend on their energy
separation Eγγ′ = Eγ′ − Eγ . Here we use Γγ→γ′=1/τCr
if Eγγ′ < 0 and Γγ→γ′=1/τCre
−Eγγ′/kBTeff if Eγγ′ > 0
[23, 24]. This accounts for a thermalization among the
5 Cr levels on one side and the 20 X-Cr levels on the
other side with an effective spin temperature Teff . The
optical excitation (τg = 1/Γg), the exciton recombina-
tion (τb (bright) and τd (dark)) and the Cr spin relax-
ation (τCr) producing an irreversible population transfer
from level j to level i are described by Lindblad terms
Lj→iρ = 1/(2τj→i)(2|i〉〈j|ρ|j〉〈i|−ρ|j〉〈j|−|j〉〈j|ρ) where
τj→i is the relaxation time from level j to level i [22].
We considered that the CW optical excitation cre-
ates bright and dark excitons with a generation rate
Γg/4. They recombine with a rate 1/τb and 1/τd re-
spectively. The time evolution of ρ|Sz,X〉(t)/ρ|Sz,X〉(∞)
with the initial condition ρ|Sz〉(0) = 1 (Cr spin state Sz
after the recombination of the exciton) accounts for the
(b)(a)
FIG. 3. (a) Auto-correlation of the PL intensity recorded
in circular polarization on the high energy X-Cr line (1)
for different excitation powers. The inset shows the corre-
sponding FWHM of the bunching signal versus excitation
power. (b) Calculated excitation power dependence of the
auto-correlation of the X-Cr state |+ 1,−1〉.
auto-correlation of the emission of the X-Cr state |Sz , X〉.
The results obtained with a Cr spin-flip time τCr=50 ns
and a generation time τg = 4ns are presented in Fig. 2(b)
for the X-Cr states | + 1,−1〉 (high energy bright exci-
ton), |+1,+1〉 (low energy bright exciton) and |+1,−2〉
(dark exciton). The width of the calculated bunching sig-
nals and the evolution of their amplitude from the high
to low energy line are in qualitative agreement with the
measured dynamics.
However, one should note that the observed spin dy-
namics depends on the optical excitation power. Increas-
ing the excitation power significantly reduces the width
of the bunching (Fig. 3(a)). This increase of the Cr spin
fluctuations under optical excitation is well described by
the proposed model. This is illustrated in Fig. 3(b) which
presents the calculated auto-correlation of the X-Cr state
|+1,−1〉 (high energy line) for a fixed Cr spin relaxation
time τCr=50 ns and three different generation rates. An
increase of the generation rate reproduces the observed
reduction of the auto-correlation width. Within the X-Cr
complex, the electron-Cr exchange interaction and the
hole-Cr exchange interaction in the presence of heavy-
hole/light-hole mixing can both induce spin-flips of the
Cr. Though weak, the probability of such spin flips in-
creases with the occupation of the QD with an exciton
and dominates the spin dynamics in the high excitation
regime required for the photon correlation measurements.
This excitation power dependence shows that the mea-
sured width of the bunching is not limited by the intrinsic
Cr spin relaxation time τCr. This gives a lower bound
for the intrinsic Cr spin relaxation in the 20 ns range.
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FIG. 4. (a) Correlation signal of the PL intensity of lines
(1) and (3) recorded in the same circular polarization (cross-
correlation) for three different excitation powers. The curves
are shifted for clarity. The black line is an exponential fit
with a characteristic time τ=20ns. (b) Longitudinal magnetic
field dependence of the cross-correlation signal obtained at
low excitation power. (c) Calculated cross-correlation signal
(ρ|Sz=+1,+1〉(t)/ρ|Sz=+1,+1〉(∞) with ρ|Sz=−1〉(0) = 1) with
τg=8ns and the parameters used in the modelling presented
in Fig. 2.
A shorter value would impose, at low excitation inten-
sity, faster spin fluctuations than observed experimen-
tally. The Cr spin relaxation time is ultimately controlled
by the interaction with acoustic phonons and could de-
pend on the optical excitation through the generation of
non-equilibrium acoustic phonons during the relaxation
of injected carriers [25, 26]. It is however expected to be
much longer than the observed dynamics [24] and cannot
be determined with these measurements which require a
large photon count rate.
To analyze more in detail the X-Cr spin relaxation
channels, cross-correlationmeasurements were performed
on the PL emitted by the high energy and the low en-
ergy lines in the same circular polarization. The cross-
correlation shows a large anti-bunching with a FWHM
in the 10 ns range and g(2)(0)≈0.3 (Fig. 4(a)). Whereas
the auto-correlation probes the time dependence of the
probability for the spin of the Cr to be conserved, this
cross-correlation is a probe of the spin transfer time be-
tween the spin states Sz=+1 and Sz=-1. As for the auto-
correlation, the cross-correlation strongly depends on the
excitation power. At weak excitation, a spin transfer
time of about 20 ns is observed. It is accelerated with
the increase of the excitation power (Fig. 4(a)). This
transfer time could be controlled by anisotropic in-plane
strain which couples Cr spin states separated by two
units through an additional term in the Cr fine structure
Hamiltonian of the form E(S2x − S
2
y) [1]. However, even
at low excitation power, the measured transfer time is
not affected by a longitudinal magnetic field (Fig. 4(b)).
This shows that for such QD the strain anisotropy term
E is weak and is not the main parameter controlling the
transfer time between the spin states Sz=±1. Indeed, the
anti-bunching in the cross-correlation signal can also be
qualitatively reproduced by the proposed density matrix
model model with the parameters used for the simulation
of the auto-correlation (Fig. 4(c)). The spin transfer time
is dominated by spin-flips induced by the exciton/Cr in-
teraction.
To conclude, we have shown that we can use the statis-
tics of the photons emitted by a Cr-doped QD to probe
the spin dynamics of the magnetic atom under CW op-
tical excitation. The measured spin fluctuation time, in
the 10 ns range, significantly depends on the excitation
power. A calculation of the spin states populations using
a density matrix formalism shows that under optical exci-
tation the spin dynamics in Cr-doped QDs is dominated
by carrier-Cr coupling. Nevertheless, these experiments
provide a lower bound for the intrinsic Cr spin relaxation
time in the 20 ns range. Directly probing this intrinsic Cr
spin relaxation time, ultimately controlled by the spin-
lattice coupling, would require measuring the dynamics
in the absence of injected carriers and/or non-equilibrium
phonons.
ACKNOWLEDGMENTS
The authors acknowledge financial support from the
Labex LANEF for the Grenoble-Tsukuba collaboration.
The study in Tsukuba has partially been supported by
Grant-in-Aid for Scientific Research on Innovative Ar-
eas and Exploratory Research. The work in Grenoble
was realized in the framework of the Commissariat a`
l’Energie Atomique et aux Energies Alternatives (Insti-
tut Nanosciences et Cryoge´nie) / Centre National de la
Recherche Scientifique (Institut Ne´el) joint research team
NanoPhysique et Semi-Conducteurs.
[1] A. Lafuente-Sampietro, H. Utsumi, H. Boukari, S.
Kuroda, L. Besombes, Phys. Rev. B 93, 161301(R)
(2016).
[2] P. M. Koenraad, M. E. Flatte, Nat. Mater. 10, 91 (2011).
[3] L. Besombes, Y. Leger, L. Maingault, D. Ferrand, H.
Mariette, J. Cibert, Phys. Rev. Lett. 93, 207403 (2004).
[4] M. Goryca, T. Kazimierczuk, M. Nawrocki, A. Golnik,
J. A. Gaj, P. Kossacki, P. Wojnar, G. Karczewski, Phys.
Rev. Lett. 103, 087401 (2009).
[5] C. Le Gall, A. Brunetti, H. Boukari, L. Besombes, Phys.
5Rev. Lett. 107, 057401 (2011).
[6] L. Besombes, C.L. Cao, S. Jamet, H. Boukari, J.
Fernandez-Rossier, Phys. Rev. B 86, 165306 (2012).
[7] L. Besombes, Y. Leger, J. Bernos, H. Boukari, H. Mari-
ette, J. P. Poizat, T. Clement, J. Fernandez-Rossier, R.
Aguado, Phys. Rev. B 78, 125324 (2008).
[8] A. Kudelski, A. Lemaitre, A. Miard, P. Voisin, T.C.M.
Graham, R.J. Warburton, O. Krebs, Phys. Rev. Lett. 99,
247209 (2007).
[9] O. Krebs, A. Lemaitre, Phys. Rev. Lett. 111, 187401
(2013).
[10] J. Kobak, T. Smolenski, M. Goryca, M. Papaj, K. Gietka,
A. Bogucki, M. Koperski, J.-G. Rousset, J. Suffczynski,
E. Janik, M. Nawrocki, A. Golnik, P. Kossacki, W. Pa-
cuski, Nature Communications 5 3191 (2014).
[11] T. Smolenski, T. Kazimierczuk, J. Kobak, M. Goryca,
A. Golnik, P. Kossacki, W. Pacuski, Nature Communi-
cations 7, 10484 (2016).
[12] J.T. Vallin, G.D. Watkins, Phys. Rev. B 9, 2051 (1974).
[13] A. Barfuss, J. Teissier, E. Neu, A. Nunnenkamp, P.
Maletinsky, Nature Physics 11, 820 (2015).
[14] B. Pigeau, S. Rohr, L. Mercier de Lpinay, A. Gloppe,
V. Jacques, O. Arcizet, Nature Communications 6, 8603
(2015).
[15] A. Lafuente-Sampietro, H. Boukari, L. Besombes, Phys.
Rev. B 92, 081305(R) (2015).
[16] P. Rabl, S.J. Kolkowitz, F.H.L. Koppens, J.G.E. Harris,
P. Zoller, M.D. Lukin, Nature Physics 6, 602 (2010).
[17] P. Wojnar, C. Bougerol, E. Bellet-Amalric, L. Besombes,
H. Mariette, H. Boukari, J. Crystal Growth 335, 28
(2011).
[18] G. Sallen, A. Tribu, T. Aichele, R. Andre, L. Besombes,
C. Bougerol, M. Richard, S. Tatarenko, K. Kheng, J.-Ph.
Poizat, Phys. Rev. B 84, 041405(R) (2011).
[19] M. Zielinski, Y. Don, D. Gershoni, Phys. Rev. B 91,
085403 (2015).
[20] M.P. van Exter, J. Gudat, G. Nienhuis, D. Bouwmeester,
Phys. Rev. A 80, 023812 (2009).
[21] C. Roy, S. Hughes, Phys. Rev. X 1, 021009 (2011).
[22] S. Jamet, H. Boukari, L. Besombes, Phys. Rev. B 87,
245306 (2013).
[23] A. O. Govorov, A. V. Kalameitsev, Phys. Rev. B 71,
035338 (2005).
[24] C. L. Cao, L. Besombes, J. Fernandez-Rossier, Phys. Rev.
B 84, 205305 (2011).
[25] A. Hundt, J. Puls, A. V. Akimov, Y. H. Fan, F. Hen-
neberger, Phys. Rev. B 72, 033304 (2005).
[26] M. K. Kneip, D. R. Yakovlev, M. Bayer, A. A. Mak-
simov, I. I. Tartakovskii, D. Keller, W. Ossau, L. W.
Molenkamp, A. Waag, Phys. Rev. B 73, 035306 (2006).
